Abstract Hydroxyapatite (HA) has been commonly used as a bone graft substitute in various kinds of clinical fields. To improve the healing capability of HA, many studies have been performed to reveal its optimal structural characteristics for better healing outcomes. In spinal reconstruction surgery, non-interconnected porous HAs have already been applied as a bone graft extender in order to avoid autogenous bone harvesting. However, there have been few experimental studies regarding the effects of the structural characteristics of HA in posterolateral lumbar intertransverse process spine fusion (PLF). The aims of this study were to investigate the effect of HA porous characteristics on healing outcomes in a rabbit PLF model in order to elucidate appropriate structural characteristics of HA as a bone graft extender. Thirty-six adult female Japanese White rabbits underwent bilateral intertransverse process fusion at the level of L5-6 without internal fixation. We prepared three types of HA with different porosities: HA with 15% porosity (HA15%), HA with 50% porosity (HA50%), and HA with 85% porosity (HA85%), all of which were clinically available materials. The HA15% and HA50% had few interconnecting pores, whereas the HA85%, which was a recently developed material, had abundant interconnecting pores. All rabbits were randomly divided into the following four groups according to the grafted materials: (1) HA15% + autogenous bone, (2) HA50% + autogenous bone, (3) HA85% + autogenous bone, (4) pure autogenous bone graft. The animals were euthanized at 5 weeks after surgery, and post-mortem analyses including biomechanical testing, radiographical and histological evaluations were performed. There was no statistically significant difference in either fusion rate and/or bending stiffness among the three HA groups. However, in histological and radiological analyses, both bone ingrowth rate and direct bone bonding rate in the HA85% group were significantly higher than those in the HA15% and HA50% groups, despite the similar value of bone volume rate in fusion mass among the three HA groups. In the HA85% group, bone ingrowth was achieved throughout the implanted HAs via interconnecting pores and there was excellent unification between the HA granules and the newly mineralized bone. On the other hand, in the non-interconnected porous HA groups, only a little bone ingrowth could be seen at the peripheral pores of the implanted HA, and its surface was mostly covered with fibrous tissue or empty space. The current study demonstrated that the HA porous characteristics had an effect on the histological outcomes in a rabbit PLF model. We would like to conclude that the interconnected high porous structure seems to be promising for the environment of PLF in the point of producing fusion mass with higher cellular viability. This is because the HA85% is superior in terms of integration with the newly formed bone in fusion mass compared to the non-interconnected porous HAs. However, the porous modifications of HA have little influence on fusion rate and mechanical strength because primary stabilization of the fusion segment is mainly achieved by bridging bone between the adjacent transverse processes outside the implanted materials, rather than the 2215 -2224 DOI 10.1007 degree of integration between the newly formed bone and the HA granules in PLF.
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Of all bone graft substitutes, Hydroxyapatite (HA) is one of the most popular materials and has been utilized experimentally and clinically in bone graft surgery because HA is a biocompatible material with excellent osteoconductivity [10, 20, 21] . However, clinical outcomes of the conventional HAs have not been superior to that of autogenous bone graft. In order to improve the healing capability of HA in bone graft surgery, many studies have been performed to reveal its optimal structural characteristics for bone healing [8, 9, 18, 19] . For example, for the non-weight bearing applications such as metaphyseal bone defects, the optimal porous structure of HA is believed to be the interconnected high porous structure with suitable pore size of approximately 300 lm [8, 9] . Tamai et al. [29] reported that abundant interconnected space promotes infiltration of bone tissue, bone marrow, and blood vessels, and allows bone remodeling throughout the material. On the other hand, for the weight-bearing applications such as spinal interbody fusion, a dense HA with adequate mechanical strength is beneficial to support the operated segment [16, 32] . Although high porous structure of HA is also preferable for spinal interbody fusion in terms of its superior integration with host bone tissue, this structure of HA cannot withstand severe cyclic mechanical loading. In this way, it is important to choose the proper structural characteristics of HA according to grafted environments.
Posterolateral lumbar intertransverse process spine fusion (PLF) is a commonly performed bone graft surgeries [4] . In PLF, the conventional non-interconnected porous HA has already been applied as bone graft extenders [4, 27, 30] . However, most surgeons are using it without consideration of the effects of its porous characteristics on healing outcomes in PLF. As many researchers reported, the grafted environment of PLF is significantly different from those of other operations such as metaphyseal bone defect and spinal interbody fusion in the following two points [4, 5, 27] . The first is that grafted materials in the environment of PLF are exposed to excessive distraction or tension loads, which may cause non-union of the fusion segment. Second is that the grafted materials are surrounded by less osteogenic environments such as muscle and other soft tissues, not bone tissue. Despite the above-mentioned unique environment of the grafted site, to our knowledge there has been little information about optimal porosity and geometrical porous design of HA as a bone graft extender in PLF.
The purpose of this study was to investigate the effect of HA porous characteristics on healing outcomes in a rabbit PLF model in order to elucidate appropriate structural characteristics of HA as a bone graft extender.
Materials and methods

Material preparation
We prepared three types of HA with different porosities (15, 50 , and 85%) for this PLF experiment. The HAs with 15% porosity (HA15%) and with 50% porosity (HA50%) (APACERAM, PENTAX Corp., Tokyo, Japan) are conventionally available materials. Whereas the HA with 85% porosity (HA85%) (APACERAM-AX, PENTAX Corp., Tokyo, Japan), the highest among the clinically available HAs, has recently been developed using a new technique [26] .
The structural characteristics of each HA under a scanning electron microscope (SEM) are shown in Fig. 1 . As shown in Fig. 1a, d , the HA15% had a mostly dense body with scattered small-sized macropores. Figure 1b, e showed that the HA50% had many solitary large-sized macropores. There were few porous interconnections between each macropore in the HA15% and HA50%. On the other hand, SEM photographs of the HA85% showed that the material had a cancellous bonelike structure with abundant interconnecting pores and a microporous surface in every macropore (Fig. 1c, f) . The detailed porous characteristics of each HA are listed in Table 1 . As shown in Table 1 , initial compressive strength gradually decreases in correlation with increasing porosity.
Experimental posterolateral spine fusion in a rabbit model
The experimental protocol of this animal study was reviewed and approved by the Institutional Animal Care and Use Committee. Thirty-six adult female Japanese White rabbits (2.9-3.4 kg) were obtained from CLEA Japan, Inc. and were divided into the following four groups according to the grafted materials:
(1) HA15% + autogenous bone (n = 11) (2) HA50% + autogenous bone (n = 9) (3) HA85% + autogenous bone (n = 10) (4) Pure autogenous bone graft (Auto) (n = 6)
Operative procedure
All rabbits underwent bilateral intertransverse process arthrodesis at the level of L5-6 without internal fixation [7] . General anesthesia was induced with an intravenous administration of sodium pentobarbital (20 mg/kg) and maintained with 2% isoflurane. Just before surgery Benzylpenicillin Potassium (Penicillin G Potassium, Meiji Seika, Tokyo, Japan; 5,000 U/kg) was injected into the quadriceps muscle for antibiosis. The rabbits were placed prone on the surgical table and shaved. A dorsal midline skin incision was made and the bilateral transverse processes of L5 and L6 were exposed through the intermuscular plane between the multifidus and longissimus muscles [31] . The transverse processes were The HA15% has a mostly dense body with scattered small-sized macropores. b, e The HA50% has many solitary large-sized macropores. Each macropore has microporous surface and few porous interconnections. c, f The HA85% has a cancellous bone-like structure with abundant interconnecting pores (asterisk) about 50 lm in diameter and a microporous surface in every macropore decorticated using an electric burr. Autogenous corticocancellous bone was harvested from the iliac crest through extended fascial incisions. In the HA groups, 1.5 ml of cubic shaped HA granules (3-4 mm in width) and an equal amount of morselized autogenous iliac bone were mixed and grafted to the intertransverse space at L5-6 bilaterally.
In the Auto group, 3.0 ml of pure autogenous iliac bone was grafted. After irrigation, the fascial incisions were closed with 3-0 absorbable sutures and the skin was closed with 3-0 nylon sutures. All rabbits were housed one per cage and allowed an ad libitum diet and water. Their neurological conditions and general health were checked each day. At postoperative five weeks, all animals were euthanized with an intravenous administration of sodium pentobarbital (200 mg/kg bolus) and the lumbar spinal segment from L1 to S2 was removed en bloc with the surrounding soft tissue. An operative segment was carefully retrieved and postmortem analyses including biomechanical testing, radiographical and histological evaluations were performed.
Manual palpation and biomechanical testing
The operative segments were gently trimmed off all the soft tissue. Fusion status was assessed according to the magnitude of the flexion-extension motion of the segments by manual palpation [7] . They were graded as fused or not fused by two independent orthopaedists who were blinded to the experimental group of the animal.
All spines were stored in sealed double-plastic bags at -28°C until preparation for testing. Before biomechanical testing, each specimen was completely thawed at room temperature. Each fusion mass was evaluated by nondestructive three-point bending testing using the biomechanical testing machine (858 Mini Bionix II, MTS System Co., Minneapolis, MN, USA) [11] . The schema of biomechanical testing is shown in Fig. 2a . A small jig was designed to hold the motion segment and to allow three-point bending tests at the center of the fused disc space. The adjacent vertebral bodies were placed with their dorsal sides down on two fulcra separated by 25 mm. The upper anvil (7.0 mm in diameter) was placed to apply a load on the ventral surface of the intervertebral disc vertical to the longitudinal spine. A preload of 10 N was applied to the specimen, and the crosshead was zeroed at this point. The specimen was then cyclically preconditioned with 5 cycles to 0.5 mm of deformation at a rate of 0.4 mm/s. A load was applied to 2.0 mm of the deformation at a rate of 0.1 mm/s. The stiffness of the motion segment was defined as the linear slope of the load-displacement curve at 1.5 mm of deformation. Two load-displacement curves were obtained in each specimen, and the average stiffness was used as the representative value. The stiffness of the unsuccessful fusion segments defined by the manual palpation could not be calculated by the three-point bending testing because those segments showed more than 1 mm of deformation under the 10 N of the preload, and therefore the unsuccessful fusion segments were excluded from the three-point bending testing.
Radiographical and histological evaluations
Following mechanical tests, the specimens in each group were subjected to undecalcified tissue processing. The specimens were fixed in 70% ethanol for about 1 week. After fixation, they were dehydrated sequentially in 70, 80, 90 and 100% ethanol and were embedded in polyester resin. Two sections from each specimen were cut with a crystal microtome at a thickness of 500 lm. The cutting lines were parallel to the spinal longitudinal axis at 5 mm from the lateral edge of the intervertebral disc. The schema of cutting lines is shown in Fig. 2b . The sections were polished to a thickness of 500-80 lm and observed by contact microradiography (CMR) and light microscopy.
Contact microradiography
The section was mounted on a high-resolution film (SO-181; Kodak Co., Tokyo, Japan) and CMR was taken using a soft X-ray unit (SRO-M50D; Tanaka X-ray MFG. Co. Ltd, Tokyo, Japan) at 14.0 kVp, 2 mA, and an exposure time of 18 min. Newly formed mineralized bone within and around the implanted HA was investigated from the extent of radiographical density.
Histological analyses
After taking CMR, all sections were stained with Toluidine blue O and evaluated with a light microscope. For quantitative analysis, the images of those sections were captured through a light microscope. The mineralized bone area, which had been stained blue purple by Toluidine blue O staining, was then highlighted for measurement. The following parameters were calculated based on the dimensional data measured by ''Win roof'' software (Mitani Co., Fukui, Japan): bone ingrowth ratio (BIR), bone apposition ratio (BAR), BV/TV, and bone volume ratio outside implant (BV/TV out ). Bone ingrowth ratio was determined as the ratio of combined total bone volume within each HA to the combined total pore volume of HA [15] . Bone apposition ratio was the ratio of the combined total length of direct bone bonding to each HA to the combined total length of each HA in fusion mass [22] . BV/ TV was measured as a ratio of bone volume within fusion mass, while BV/TV out was measured as a ratio of bone volume within fusion mass outside the implanted granules. The values for each parameter were determined separately for the left and right side fusion mass in each rabbit. Each section was calculated two times by a single observer, and the two values were averaged.
Statistical methods
All parameters were analyzed by analysis of variance (ANOVA). Fusion rates among the groups were compared using Fisher's exact test. The biomechanical and histological evaluations among groups were calculated by ANOVA combined with a Fisher's-protected least-significant difference (Fisher's PLSD) or Bonferroni multiple comparison test when appropriate (StatView, SAS Institute Inc. Cary, NC, USA). The results were expressed as the mean ± standard deviation (SD), and were considered statistically significant at P \ 0.05.
Results
All rabbits survived the surgery, and ambulated one day later. A total of six animals, including three from the HA15% group, one from the HA50% group, and two from the HA85% group, died from deep wound infections and were excluded from the study. Because of the high incidence of infection in the early series of the animals in this study, the draping and irrigation techniques at the surgical site were modified and the animals were treated with an additional short course of antibiotic therapy in the later series.
Manual palpation and biomechanical testing
The manual palpation test showed that the fusion rates in the three HA groups ranged from 60 to 75% in this PLF model, and there was no significant difference between each HA group. In the Auto group fusion rate was 100%, which was higher than those in the HA groups. However, the difference was not significant ( Table 2) .
The result of the three-point bending testing showed that the bending stiffness in the HA15% group was lower than those in the other three groups. However, there was no significant difference in the bending stiffness among the four groups (Table 2) .
Contact microradiography
CMR photographs in the HA15% group showed that direct bonding between the surface of the HA and the newly mineralized bone was seen in a limited area (Fig. 3a) . In the HA50% group, there was also only a little direct bone bonding with the implant and bone ingrowth could be seen only in peripheral pores of the HA granule (Fig. 3b) . On the other hand, the newly mineralized bone formed deeply inside the HA85% granules and bonded directly with the implanted materials in the fusion mass. The newly formed bone inside the HA85% remained connected to the bone tissue outside the material (Fig. 3c) . High magnification photographs showed an excellent unification between the HA and the newly trabecular bone (Fig. 3d) .
Histological analyses
In histological findings of the Auto group, both bone and cartilage formation could be seen at the intertransverse space of L5-6. The grafted bone was integrated with the newly formed trabecular bone within the fusion mass at 5 weeks after implantation (Fig. 4a) . Distinct histological differences were observed among the HA groups. In the HA15% and HA50% groups, microphotographs showed that bone ingrowth could be seen only in peripheral pores of the HA granules and its surface was mainly covered with fibrous tissue or empty space (Fig. 4b,  c, e, f) . Although bridging bone was formed between the L5 and L6 transverse process in these specimens, there was only a little direct bone bonding with the HA granules. On the other hand, in the HA85% group, bone ingrowth was achieved throughout the HA granules via the interconnecting pores and the amount of direct bone bonding area was the largest among the three HA groups (Fig. 4d, g ). The HA85% was integrated with the newly formed bone in the fusion mass. Middle magnification microphotographs in the HA85% group showed that the newly formed bone covered the microporous surface of macropores inside the material (Fig. 4h) . High magnification microphotographs in the HA85% also showed the presence of osteoblast-like cells attached to the rough surface of macropores (Fig. 4i) .
Quantitative histological evaluation showed that the average BIR was the highest in the HA85% group (24.0%), and lower in the HA15% (0%) and the HA50% groups (2.0%) (Fig. 5a ). The average BAR in the HA85% group (14.3%) was also superior to those in the HA15% (4.8%) and the HA50% group (6.2%) with a statistical significance (Fig. 5b) . The average BV/TV were 19.4, 22.4, 24.5, and 40.6% in the HA15%, HA50%, HA85%, and the Auto groups, respectively (Fig. 5c) . The average BV/TV out were 26.9, 31.9, and 30.8% in the HA15%, HA50%, and HA85% groups respectively (Fig. 5d) . The Auto group showed the highest BV/TV among the four groups, which was statistically significant (Fig. 5c) . While, there was no statistically significant difference among the three HA groups in the BV/TV out (Fig. 5d) .
Discussion
Owing to the progress in production methods of HA, HA can now be controlled in its porosity and even in the dimensions of the pores themselves through manufacturing processes. Many researchers have reported that porous modifications of HA achieved successful healing outcomes in various sites such as metaphyseal bone defects. However, there have been few studies related to the significance 5 The results of quantitative histological analysis of the fusion mass. The bone ingrowth rate (BIR) (a) and the bone apposition rate (BAR) (b) are higher in the HA85% group compared to those in the HA15% and HA50% group. In contrast, there is no significant difference among the three HA groups in the bone volume rate outside the implanted granules (BV/TV out ) (d), although it is significantly higher in the Auto group than any other groups in the bone volume rate (BV/TV) (c). of HA porous structure in PLF. In the current study, we hypothesized that HA porous characteristics also had an influence on healing outcomes in PLF. We investigated this hypothesis using three types of HA with different porosities as a bone graft extender in a rabbit PLF model. The histological results of this study showed the superiority of the HA85% in both osteoconduction and osteointegration compared to the HA15% and HA50% in a rabbit PLF model, although there was no significant difference in fusion rate and mechanical strength between the three HA groups. We believe that this superiority of the HA85% derives not only from the high porosity but also from the abundant interconnecting pores. This is because the interconnected porous structure has been reported to be the most important for osteoconduction and osteointegration among various porous parameters [1, 29] . Since cell migration, mineralization, and subsequent bone remodeling depend on vessel ingrowth, the vascularization through the interconnecting pores is indispensable for bone ingrowth and for maintaining cellular viability in the material. In the HA85% group there were abundant osteogenic cells and mineralized trabecular bone throughout the implanted granules at five weeks after implantation in this PLF model. We observed that the newly formed bone inside the materials remained connected to the bone tissue outside them via the interconnecting pores. In addition, few differences in the histological results between the HA15% and the HA50% indicate that the porous interconnection of HA is more important than its porosity in PLF. On the basis of these results, we reasonably conclude that the interconnecting pores of HA also have a significant influence on the healing outcomes in the environment of PLF.
Moreover, the microporous structure in every macropore possibly contributed to the excellent histological outcomes in the HA85% group, although its effect on the behavior of bone healing is still controversial. Some researchers reported that the micropores (\10 lm in diameter) would not be permissive to osteoconduction because the size of the nucleus in most mammalian cells is more than 10 lm [24, 29] . On the other hand, Annaz et al. [2] reported that the microporous surface played a role in initial cellular anchorage and attachment of osteogenic cells [14] . Habibovic et al. demonstrated that modification of the microporous surface affected the interface dynamics of the ceramic in such a way that relevant cells were triggered to differentiate into the osteogenic lineage [12, 13, 25, 34] . After 5 weeks implantation, many osteoblast-like cells were settled on the microporous surface of macropores within the HA85% granules, and the newly formed bone covered the rough surface of the material. The current study did not prove directly the significance of the microporous structure, but this data may support the idea that the microporous modification within each macropore is beneficial for osteoconduction and osteointegration in PLF.
From the distinct histological difference among three HA groups, there may be a fundamental difference between the non-interconnected porous HA and the interconnected porous HA in the role as bone graft extenders in PLF. The non-interconnected porous HA did not integrate with newly formed bone even in fusion mass which obtained solidity. This result indicates that the non-interconnected porous HA works only as a space maintainer and that the newly formed bone around the HA granules plays a role in stabilizing the operative segment. The implanted HA without osteointegration will obstruct bone remodeling in fusion mass, and will result in heterogeneous bone tissue [23] . On the other hand, the interconnected porous HA85% granules obtained an excellent unification with the newly mineralized bone in fusion mass. Despite the existence of the HA granules, the fusion mass consisted of a relatively homogenous trabecular structure. In other words, the HA85% works as a scaffold for newly formed bone, and the trabecular bone both inside and outside the HA granules firmly connect each other to provide structural support in PLF.
On the contrary to the histological results, the porous modification of HA has little influence on fusion rate and mechanical strength in this PLF model. In an environment of metaphyseal bone defect, the interconnected high porous HA could obtain excellent mechanical outcomes in correlation with bone ingrowth within materials as previously reported [29] . However, the histological superiority of BIR and BAR in the HA85% group was not consistent with that of the fusion rate and mechanical strength in this PLF model. This is probably because primary stabilization of the fusion segment may be achieved by bridging bone between the adjacent transverse processes outside the implanted materials, rather than the degree of integration between the newly formed bone and the granules in PLF. This speculation is supported by our result that there was no difference either in BV/TV out and/or fusion rate between the three HA groups, whereas the higher fusion rate in the Auto group will be consistent with the higher BV/TV. We believe that porous modification of HA only is insufficient to promote bone formation outside materials in PLF because HA does not have the ability of osteoinduction.
Despite the superiority of the HA85% in osteoconduction and osteointegration, a high porous material is always accompanied by a problem of fragility as a bone graft substitute. Initial compressive strength of the HA85% is only 2.0 MPa, which is equivalent to cancellous bone, but failure of the granules could not be seen in this PLF model. This is because the environment of a grafted site in PLF is initially non-weight bearing and fusion mass gradually begins to play a role in load-transmission with its maturation [17] . Therefore, bone graft substitutes in PLF mainly require the capability for bone formation rather than initial mechanical strength. It is supposed that the interconnected high porous HA would be a rational material for a bone graft extender in PLF.
The current study includes some potential design limitations. First, the bone healing capability of rabbits is much higher than that of humans as previously reported [4] and therefore, all the findings of this study might not be applicable to clinical PLF. Benefits of superior osteointegration ability of the HA85% to the non-interconnected porous HAs became obscure by rapid bridging bone formation outside the implant in this rabbit model, however, the findings that the porous modifications of HA had little influence on primary stabilization of the fusion segment is possibly true of clinical PLF. Because bridging bone generated by autogenous bone graft is more easily and rapidly achieved than bone ingrowth to the implanted HA, it seems reasonable to suppose that bridging bone formation through the interval between the HA granules precedes the bone ingrowth to the HA when HA is used as a bone graft extender even in clinical PLF. Second, we carried out the evaluations only at 5 weeks. Because Boden et al. [5, 6] reported that if solid fusion was not seen after 5 weeks, assessment at longer time points did not show an increase in the fusion rate or the biomechanical properties of the fusion mass in this rabbit PLF model. Since the fusion mass in the Auto group obtained solidity at 5 weeks in our results, this time point seemed to allow the adequate evaluation of the mechanical outcomes in this model. However, long-term effects of HA porous characteristics on the histological outcomes must be examined. Finally, we should also pay attention to the influence of HA granule size on healing outcomes especially in the non-interconnected porous HA groups. Because of few interconnecting pores, the fusion mass would gradually become more heterogeneous as the granule size of the non-interconnected porous HA increases.
The current study demonstrated that the HA porous characteristics had an effect on the histological outcomes in a rabbit PLF model. The interconnected high porous structure seems to be promising for the environment of PLF in the point of producing fusion mass with higher cellular viability. This is because the HA85% is superior in terms of integration with the newly formed bone in fusion mass compared to the non-interconnected porous HAs. However, the porous modifications of HA have little influence on fusion rate and mechanical strength because primary stabilization of the fusion segment is mainly achieved by bridging bone between the adjacent transverse processes outside the implanted materials, rather than the degree of integration between the newly formed bone and the HA granules in PLF.
